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Sperm Activation: Time and Tide Wait for No SpermProper timing of sperm activation is required for reproductive success
in Caenorhabditis elegans. The swm-1 gene encodes a predicted
protease inhibitor that regulates sperm activation and the acquisition
of amoeboid motility.Andrew Singson
Studies of the reproductive
biology of the nematode
Caenorhabditis elegans are
providing valuable insights into
the evolution and diversity of
reproductive strategies [1,2]. The
successful production of progeny
in any species also highlights
many fundamental problems in
cell biology. Research on the
amoeboid sperm of nematodes
addresses a number of issues of
broad biological significance,
including cellular differentiation,
cell polarity, signaling
mechanisms and directed
migratory behavior.
C. elegans comes in two sexes:
males and hermaphrodites. Adult
males produce sperm throughout
their reproductive life.
Hermaphrodites produce several
hundred sperm during their final
larval stage and then switch to
oocyte production as adults; they
then self-fertilize until their sperm
supply is exhausted.
Hermaphrodites that have mated,
however, produce outcrossed
progeny as a result of sperm
competition — in C. elegans,
male-derived sperm are
competitively superior to
hermaphrodite-derived sperm for
oocyte fertilization [3–5].
Mature oocytes are ovulated
into the spermatheca (Figure 1A),
which is the normal site of sperm
storage and fertilization in C.
elegans. Fertilization is very
efficient; in the unmated
hermaphrodite, sperm are a
limited resource and virtually
every functional sperm will fertilize
an egg [5,6]. This is a result of the
tight coordination of fertilization
with oocyte maturation, ovulation,
sperm signaling and sperm
migratory behavior [7–9]. The
crowded ‘cannot miss’ nature ofthe worm reproductive tract may
also contribute to this efficiency.
Haploid spermatids produced
by males or hermaphrodites must
undergo spermiogenesis — also
known as sperm activation — to
become fertilization competent. In
C. elegans, this refers to the
process of post-meiotic cellular
differentiation which converts
round, non-motile spermatids to
polar, motile spermatozoa (Figure
1B). Spermiogenesis and its
underlying signaling mechanisms
are particularly interesting, as the
dramatic and rapid cellular
changes that occur must be
driven without any new
transcription or translation as
sperm lack the cellular machinery
required for these processes.
Spermatids undergo activation
in different contexts and locations
depending on their origin (Figure
1A). Hermaphrodite-derived
spermatids activate when they are
pushed from the proximal gonad
into the spermatheca during the
first few rounds of ovulation in
young adult worms. Male-derived
spermatids activate immediately
after they are transferred to the
hermaphrodite uterus.
Genetic studies have identified
sterile mutants with defects in
spermiogenesis (reviewed in [10]).
Some mutations affect
spermiogenesis in both sexes
(spe-6 and fer-15) while other
mutations (spe-8, spe-12, spe-19,
spe-27 and spe-29, collectively
known as the ‘spe-8 group’) are
required for hermaphrodite-
derived sperm activation but not
male-derived sperm activation in
vivo. Analysis of these mutants
has led to the discovery of various
reagents — such as proteases,
ionophores or compounds that
alter intracellular pH — useful for
activating wild-type sperm in vitro
[11]. However, the in vivorelevance of these reagents is still
largely unknown.
It should also be noted that
although spe-8 group mutant
males exhibit wild-type fertility,
their sperm show severe
activation defects when treated
with some in vitro activators.
Furthermore, it was discovered
that mating males to spe-8 group
mutant hermaphrodites could
cause the ‘transactivation’ of
mutant hermaphrodite-derived
sperm. Thus, at least one factor in
male seminal fluid can restore
spe-8 group hermaphrodite self-
fertility.
Together, these observations
have led to the hypothesis that
there are distinct male and
hermaphrodite activators [11].
Additionally, the activation genes
encode components of a poorly
defined branched signaling
pathway (or parallel pathways)
required to respond to
hermaphrodite and male
activators [11–13]. Work by
Stanfield and Villeneuve [14],
reported recently in Current
Biology, provides exciting new
insights into the in vivo regulation
of sperm activation in male
nematodes.
Stanfield and Villeneuve [14]
designed an ingenious genetic
screen to identify mutants that
define genes required differentially
for male fertility and/or effective
sperm competition. Mutant lines
were established where
hermaphrodites were self-fertile
but males could not sire outcross
progeny despite normal mating
behavior and seminal fluid transfer
(assayed by transactivation of
spe-8 mutants). One
complementation group defined a
gene that when mutant resulted in
the premature activation of many
sperm in virgin male worms. This
gene was aptly named swm-1 for
sperm activated without mating.
Wild-type males have only the
occasional activated spermatozoa
crawling around inside their
reproductive tract; however, both
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show an increase in the number of
ectopically activated sperm
present as they age. This leaky
activation may partially account
for the age-related decline of
fertility in males. Wild-type males
can only sire about half as many
progeny when aged in isolation for
five days when compared to
young adults (A. Smolyanskaya’s
and my unpublished data).
An important conclusion from
the swm-1 study is that the timing
of sperm activation is critical for
male reproductive success.
Spermatids may be the ideal
cellular form for storage in C.
elegans males. Sperm-energy
supplies would not be depleted by
unnecessary motility and the
round shape of spermatids could
facilitate transfer to
hermaphrodites. Furthermore,
spermatids do not clump
compared to mature spermatozoa
dissected from swm-1 males or
those observed in the
reproductive tract of mated
hermaphrodites (M. Miller,
personal communication).
Stanfield and Villeneuve [14]
suggest that clumps of ‘sticky’
mature sperm may not be easily
transferred by males. Indeed,
swm-1 mutants exhibit defects in
sperm transfer that correlate with
the amount of ectopic sperm
activation in males. An adherent
nature seems reasonable for cells
that depend on amoeboid
locomotion. After the transfer of
male-derived sperm to the uterus
of hermaphrodites it is also critical
that sperm become fully motile
quickly. Sperm that lack proper
motility or that do not move away
from the vulva can be swept from
the reproductive tract as eggs are
laid [9,15].
The ectopically activated sperm
produced by swm-1 mutant males
appeared morphologically normal
and could crawl on glass slides. In
swm-1 males (particularly weaker
alleles or younger animals), some
sperm could be transferred,
migrate properly to the
spermatheca and result in cross
progeny. Activated sperm
collected from the reproductive
tract of virgin males could also
lead to outcross progeny when
transferred by artificialFigure 1. Schematic representations of the hermaphrodite reproductive tract and the
steps of spermiogenesis in C. elegans.
(A) A common uterus connects two oviducts and spermathecae. The vulva opening is
in the center of the uterus. Pink shading denotes the site of hermaphrodite-derived
sperm activation. Blue shading denotes the site of male-derived sperm activation. (B)
During spermiogenesis, round non-motile spermatids form a spiky intermediate. These
spikes subsequently coalesce to form the pseudopod of mature polar and motile sper-
matozoa. In addition to these morphological changes, internal vesicles fuse with the
plasma membrane, the cytoskeleton organizes to support the pseudopod and numer-
ous sperm cytoplasmic and membrane molecules are redistributed. In vitro, this
process takes about five minutes.
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Current Biologyinsemination. Therefore, the
infertility caused by mutations in
swm-1 was due to an inability to
transfer sperm rather than a
defect with sperm migratory or
fertilization functions.
The swm-1 gene is predicted to
encode a secreted serine
protease inhibitor with two
protease inhibition domains
predicted to have different
specificities. Therefore, SWM-1
could regulate the activity of two
distinct proteases that are the
natural activation signals for
sperm. A strong candidate for the
receptor/co-receptor for this
protease signal is SPE-19 [12].
SPE-19 is a novel sperm
transmembrane protein with a
large extracellular domain that
could be targeted for protease
cleavage.
A series of double mutant
experiments with swm-1 and spe-
8 group genes suggest that, under
some conditions, all of these
genes could have a function in
regulating spermiogenesis in both
sexes. Consistent with this idea,
all spe-8 group genes except spe-12 are conserved in the
gonochoristic (male/female)
nematode species C. remanei and
spermatids from this species can
be activated by Pronase (a mix of
proteases) treatment [16].
Stanfield and Villeneuve [14]
suggest there might be a spe-8-
independent pathway activated by
seminal fluid factors. Another
possibility is that there is a single
activation pathway regulated by
protease activity from different
sources.
Hermaphrodism in nematodes
is thought to have been derived
from an ancestral gonochoristic
species [17,18] and this evolution
has been suggested to have
involved two key steps (R. Ellis,
personal communication). In the
first step, germ-line sex
determination was altered to allow
for spermatid production in a
female body. This step has been
experimentally achieved by
genetic manipulation in C.
remanei females (R. Ellis, personal
communication). In the second
step, a source of protease
activator became available in the
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Nonspecific protease cleavage
may not be sufficient, as Pronase
treatment can activate sperm but
these sperm lose their ability to
fertilize eggs [19]. Perhaps the
hermaphrodite reproductive tract
is not a great source of specific
activating proteases but is good
enough to support wild-type
fertility. The effects of crippling
some aspects of the activation
pathway — as in the spe-8 group
mutants — reveal a differential
sensitivity to available proteases
in hermaphrodites versus males.
Sorting out the real differences
between male and hermaphrodite
sperm activation and fully defining
the nature of the components of
the spermiogenesis pathway(s) —
for example, identifiying key
proteases and new sperm
components — are clearly
important tasks. Follow up studies
on swm-1 and the analysis of
other mutants isolated in Stanfield
and Villeneuve’s [14] genetic
screen promise exciting new
insights into factors critical for
reproductive success.
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It is intuitively appealing to
conceive of natural selection as
requiring changes in the physical
environment of a population.
Symptomatic of this is the iconic
status of industrial melanism in
the peppered moth, Biston
betularia. The rise of the black,
carbonaria form of the moth in
response to changes in the
environment caused by the
industrial revolution in Britain is
probably the best known, if
somewhat controversial, example
of evolution in action. In the mid-
1800s, entomologists recorded
the appearance of carbonaria
peppered moths around
Manchester, and by the end of the
19th century 98% of that
population was black. The
carbonaria form spread to many
